1.
Introduction ‡TN 1955, Collins and Gerby reported that reaction-sintered Si3N4 has excellent mechanical properties. 1) In 1961, Dee ley consolidated Si3N4 ceramics from Si3N4 powder using a hot-press method. 2) Terwilliger3) and Terwilliger and Lange4) showed the possibility of consolidation of Si3N4 ceramics in 0.1MPa N2 gas in 1974 and 1975, respectively. However, the properties of the ceramics were not safficient for practical applications. In 1976, Mitomo reported the ad vantage of sintering Si3N4 ceramics at high N2 gas pressure. 5) However, the mechanical properties were still unsatisfactory. Si3N4 powders with excellent sinterability and sintering additives to reduce sintering temperature were developed in the 1980s. Consequently, Si3N4 ceramics can now be sin tered at 2000-2100K.
High mechanical strength at elevated temperatures and large fracture toughness (KIC) are the merits of Si3N4 ceramics. To improve those properties, sintering at temper atures above 2000K is recommended to attain a morpholo gy with a large aspect ratio and a small amount of the grain boundary phase. During sintering at elevated temperature, however, mass loss of Si3N4 ceramics occurs. Since an in homogeneous surface layer or a porous layer is generated as a result of the mass loss, the loss should be decreased as small as possible.
The stability of Si3N4 and the Si-O-N system at elevated temperature has been studied thermodynamically. 6)-12) Mass loss of Si3N4 ceramics during sintering as a result of the instability has been investigated experimentally. 13)-21) Although various reactions involved in the instability and mass loss have been reported, no study that treats mass loss quantitatively has been carried out so far.
It is known that pressurized N2 gas suppresses mass loss of Si3N4 ceramics during sintering. Thus, N2 gas at around 1MPa (106Pa) has become the predominant sintering con dition for Si3N4 ceramics in industry. Moreover, issues con cerning mass loss and the formation of a heterogeneous sur face layer during sintering have become closely guarded as an important "know how" of industry.
Non-pressurized N2 gas sintering may be a feasible low 2. Instability of Si3N4 and Si3N4 ceramics at elevated temperature 2.1 Effect of temperature and pressure on the instabil ity of Si3N4 Si3N4 ceramics are sintered in a N2 gas atmosphere fur nace. The furnace is usually kept in vacuum from room tem perature to around 1300K. This is followed by the introduc tion of N2 gas, heating and sintering at a set temperature of 2000-2100K. When the introduction of N2 gas is forgotten for some reason, not Si3N4 but silicon metal is found in the position originally occupied by the Si3N4 specimen after sin tering. A researcher of Si3N4 ceramics may have ex perienced this once or twice. This is the result of Reaction (1), namely, Si3N4 decomposes to Si(1) and N2(g) at the sin tering temperature in vacuum.
Here, (s), (1) and (g) indicate solid, liquid and gas, respec tively. Si3N4 decomposes to Si(1) and N2(g) at 2151K in normal (105Pa) N2 gas atmosphere, as seen in the JANAF ther mochemical table. Greskovich and Prochazka calculated the thermodynamic equilibrium among Si3N4(s), Si(1), N2(g) and Si(g) for the reactions shown in Eqs. (1) and (2) , and the result is shown in Fig.1. 13) (2)
The following facts are understood from Fig.1 .
(1) The decomposition temperature of Si3N4(s) in Reaction (1) becomes high with increasing N2 gas pressure. This relationship is shown by the line with a positive slope in the figure.
(2) PSi(g) ((partial) pressure of Si gas) in Reaction (2) 2.2 Reaction between Si3N4 and CO gas Si3N4 ceramics are usually sintered in a carbon heater fur nace filled with N2 gas. Carbon is also used as the material of a sagger. Si3N4 decomposes to SiC(s) and N2(g) when it contacts with carbon at elevated temperatures, as shown in Eq.(3).
This reaction is not the main reaction of Si3N4 with C, be cause specimens are prevented from direct contact with car bon during production as well as the experiment. One phenomenon that is usually observed is that SiC(s) layer is generated on the surface of the carbon sagger after using it many times. That is due to the following Reactions (4) and (5).
That is, SiO(g) generated by Reaction (4) reacts with car bon and regenerates CO(g) as shown in Eq. (5) . From the material balance, Reaction (4) plus (5) 
In the sintering of Si3N4 ceramics in a carbon furnace, the oxidation of Si3N4 ceramics scarcely occurs because PO2 is as low as 10-24Pa. 22) When Si3N4 is sintered using a Mo-or W-heater continuous furnace, however, much amount of oxygen than that in pure nitrogen gas used will exist in the furnace. Then, sintering in flowing N2 gas with various oxy gen partial pressures was performed. 26) In this experiment, N2 gas had to be introduced to controll PO2. Otherwise, PO2 less than 1Pa could not be attained by the diffusion of air from the outside.
The relationship between PO2 in N2 gas and mass loss is shown in Fig.3 . When PO2>103Pa, passive oxidation obvi ously occurs because the mass increases. When PO2 is be tween 102Pa and 103Pa, oxidations both passive and active occur, based on the appearance of the specimens and X-ray diffraction data, though mass loss increased. Though porous bubbles of SiO2 was on the surface, the inside of the speci mens was sintered without porosity. Mass loss decreased quickly when PO2 was reduced to less than 102Pa. However, the mass loss does not decrease to less than about 5mass% even when PO2 is less than 100Pa. That is, there must be some other mass loss reactions from the active oxidation in flowing N2 gas atmosphere of PO2<100Pa.
Two reactions were observed in flowing N2(g) with PO2<100Pa. One is Reaction (10), which will be explained in 2.4. The other is Reaction (2), which was mentioned in 2.1 as the reaction of little importance from the standpoint of mass loss. The contribution of Reaction (2) to mass loss in flowing N2 gas will be explained in 2.5.
Therefore, oxidation is not the direct cause of mass loss of Si3N4 ceramics under the condition of PO2<100Pa in this ex periment. 
That is, PSiO(g) is related to PN2(g) by the slope of -1/3 in the log/log scale plot. The relationship between mass loss and PN2(g) of same specimens as those in Fig.4 and sintered at 0.1-100MPa of PN2(g) is shown in Fig.5. Figure5 shows that the logarithmic value of the mass loss rate of Si3N4 ceramics is proportional to -1/3 of the logarithmic value of PSiO(g). As a result, mass loss rate is proportional to PSiO(g). Specimens were set in a BN sagger and there was no big gap between the lid and the belly of the sagger in the experiment. 24), 25) The evaporation rate of SiO(g) from Si3N4 ceramics will be controlled by the rates of diffusion of Si and O ions in the grain boundaries, SiO(g) vaporization from the surface of specimen and SiO(g) diffusion through the gap of the sagger. Figure5 suggests that the rate-con trolling step is the diffusion rate of SiO(g) through the gap of the sagger. High N2 gas pressure in the furnace effective ly suppresses the mass loss rate during sintering. Figure6 shows the relationship between mass loss and heat-treatment temperature of Si3N4 ceramics under almost the same experimental conditions as Fig.4. 28) The mass loss mechanism was confirmed to be the same as that shown in Reaction (10) . The slope of the Arrhenius plot of the mass loss is almost the same as that of PSiO(g). It is seen from the figure that the mass loss rate decreases by one order of magnitude when the heat-treatment temperature decreases by 30K.
The dependence of PSiO(g) upon the temperature in Reac tion (11) is larger than that in Reaction (10), though the de tails of the thermodynamic calculation are not shown here. Therefore, Reaction (11) may become the main mass loss reaction at temperatures above 2146K. When Reaction (11) occurs, Si metal will precipitates in Si3N4 ceramics and SiO(g) will vaporize. This is evidenced by the observation that Si metal is sometimes observed in Si3N4 ceramics sin tered at very high temperatures.
Consequently, the following are summarized; (1) The major mass loss reaction of Si3N4 ceramics dur ing sintering is Reaction (10).
(2) The mass loss rate depends on N2 gas pressure, as shown by Eq. (14) . (3) The mass loss rate decreases with decreasing heat -treatment temperature, as shown in Fig.6 .
It should be noted that the mass loss reaction of Si3N4 cer amics using MgO or MgAl2O4 as sintering additives should be performed hereafter, because Mg(g) has high vapor pressure, as mentioned in 2.4. (2) is not im portant. However, as shown in Fig.7 , Reaction (2) cannot be neglected when N2 gas flows directly on the surface of the specimen; that is, since Si(g) on the surface of the speci men is removed from the surface by the flowing N2 gas, PSi(g) decreases to a value below the equilibrium value and the reaction proceeds from left to right. 2.6 Packing powder Si3N4 specimens are sometimes sintered in a packing pow der. The objective of using the packing powder is to prevent the formation of a surface layer that differs in morphology and properties from the inside part of the specimen. The for mation mechanism of the surface layer has not yet been reported in detail. Yokoyama and Wada reported that the surface layer is generated by Reaction (10). 24), 25) The vaporization of SiO(g) from specimens is controlled by burying specimens in packing powder. One of the effects of the packing powder is to disturb the diffusion of SiO(g) to outside of the sagger, as mentioned in 2.2. This effect is produced regardless of the kind of powder used.
Another more effective process is to create an SiO(g) at mosphere when Si3N4 powder with SiO2 layer is used as the packing powder. For example, the mass of the specimen in creases in the early stage of sintering when Si3N4 is used as the packing powder (Fig.6 of Ref. 24) . However, since the amount of SiO2 on the surface of Si3N4 powder is small, the effect is not sustained for a long time. 24) The third effect of the Si3N4 packing powder is to prevent the reaction of CO(g) with the specimen; that is, the Si3N4 packing powder reacts beforehand with CO(g) that diffuses into the sagger through the gap. 24) It was reported that AlN sucked out SiO2 from the grain boundary of Si3N4 ceramics. 30) The mechanism may be that AlN reacts with SiO(g), thus decreasing the PSi(g) around specimen. 29) Such operations as burying and taking off specimens in and from the packing powder are not welcome from the operation time and the dusty environment. Therefore, N2 gas pressure sintering to suppress Reaction (10) has been used in industry.
3. Sintering of Si3N4 ceramics in 0.1MPa N2 gas The science of Si3N4 ceramics, especially the sintering technology, has progressed greatly in the 1980s. The mor phology in which Si3N4 grains have a large aspect ratio has been investigated to attain a large KIC and a high mechanical strength. To attain such properties, sintering temperatures above 2000K, preferably above 2100K, have been recom mended. Sintering has been performed at 1MPa N2 gas to suppress Reaction (10) . From the standpoint of sintering cost, normal gas pressure sintering is preferable in the fu ture. To this end, decreasing the sintering temperature and using packing powder are efficient ways, as discussed in 2.5 and 2.6. When the mixed powder of Si3N4 and SiO2 is used as packing powder, SiO(g) atmosphere is sustained for a long time. 27) In this case, specimens are not essentially packed in the powder. The role of the mixed powder is to create a SiO(g) atmosphere in the sagger. Then, when some amount of the mixed powder is present in the sagger in the form of pellets, mass loss of specimens as a result of Reaction (10) is controlled. 27) Thus, the operation time is shortened and dusty environment problem is solved.
Only a few papers have reported the sintering of Si3N4 ceramics with excellent mechanical properties at low tem perature and in normal N2 pressure in the 1980s and the 1990s. Regarding mass loss, decreasing the sintering tem perature by 30K (Fig.6 ) is comparable to increasing the N2 pressure by one order of magnitude (Fig.5) . As far as the mass loss is concerned, it will be negligible even if the Si3N4 ceramics are sintered without packing powder when Si3N4(s)+3SiO2(1)=6SiO(g)+2N2(g)
Regarding mass loss, decreasing the sintering temperature by 30K corresponds to increasing N2 pressure in the fur nace by one order of magnitude. By being well acquired with the mass loss phenomena, sintering of Si3N4 ceramics in N2 gas at 0.1MPa or air will become the candidate condi tions for the mass production of Si3N4 ceramics. The research to reduce the total cost of Si3N4 ceramics was dis cussed.
